Abstract
Introduction 34
The Mediterranean Sea is a semi-enclosed basin situated at the interface between contrasted 35 continental areas of three continents, namely southern Europe, northern Africa and the 36
Middle East, which coastal areas are heavily populated. Thus, the Mediterranean basin 37 continuously receives anthropogenic aerosols from industrial and domestic activities from all 38 around the basin and other parts of Europe (Sciare et al., 2008; Becagli et al., 2012) . In addition 39 to deposition from this anthropogenic background, seasonal inputs from biomass burning 40 occur mainly during dry summers Guieu et al., 1997) , and strong 41 deposition pulses of mineral dust from the Sahara are superimposed (Guerzoni et al. 1999a role, often as cofactors or part of cofactors in enzymes and as structural elements in proteins 52 (Morel and Price, 2003) . Recent study of Ridame et al. (2011) suggests so that the trace metals 53 released by Saharan dust could stimulate nitrogen fixation in summer in Mediterranean Sea. 54 This assumption is supported by the works on Tovar-Sanchez (2014) which show that the trace 55 metals concentrations in surface microlayer in Mediterranean Sea is correlated with the 56 atmospheric deposition of mineral dust. However, it has been also suggested that the 57 atmospheric deposition of particulate pollutants are responsible for the contamination of the 58 fluxes of nutrients and trace metals remain quite limited. Most of studies are focused on total 65 deposition of dust and/or macro-nutrients as P and N (e.g. Markaki et al., 2010) . This approach 66
do not include the variety of nutrients and do not enable to distinguish the origin of nutrient-67 bearing particles. Moreover, the studies on trace metals deposition (Cd, Pb…) often show an 68 influence of local sources , limiting the reliability of these data. At the 69 difference of atmospheric deposition, the source apportionment of particles in 70
Mediterranean, from PMF method, has been highly investigated in recent works and showed 71 a large spatial variability of source contributions (Becagli et was observed even in remote area, as central Mediterranean islands (Calzolai et al., 2015) . 74
Yet, PM concentrations and source are probably different of sources of deposited particles 75 which depends on aerosols size distribution, precipitation pattern… Thus, in a context of 76 anthropogenic changes, it is crucial to distinguish between anthropogenic vs natural 77 atmospheric inputs of nutrients in order to assess how the evolution of chemical atmospheric 78
forcing will modify the marine nutrient cycling. 79
Here we show a 3.5-yr time continuous series of macro and micro-nutrient (N, P, Si, Fe), trace 80 metals (As, Cr, Cu, Mn, Ni, V, Zn) and source tracers (Al, Ti, Ca, Na, Mg, S, Sr, K, Pb) total 81 deposition fluxes in a remote coastal site in Corsica. Between March 2008 and October 2011, 82 a monitoring station has been operated with a weekly sampling time for total bulk deposition. 83
In order to assess the contribution of sources in the fluxes of nutrients, a work on the source 84 apportionment of various nutrients and TMs was carried out from these data (PMF method). 85
A specific attention was also given on the different types of extreme atmospheric events which 86 are relevant regarding the biogeochemistry in the Mediterranean Sea. They include Saharan 87 events and intense summer storms that trigger the washout of the atmosphere over an 88 altitude of several thousands of meters in a short time. 89
Material and methods

90
Sampling site and protocol 91
Total bulk deposition (i.e. dry + wet deposition) was sampled weekly from elemental concentrations for elements from Na to Pb, including macro (P) and micro-nutrient 126 (Fe, Si), trace metals (As, Cr, Cu, Mn, Ni, V, Zn), and source tracers (Al, Ti, Ca, Na, Mg, S, Sr, K, 127 Pb). Analyses of the filtered aqueous sample were performed by Inductively Coupled Plasma- The weekly elemental deposition fluxes were calculated from concentrations of all chemical 139 species measured in dissolved and particulate samples by considering the sampler area and 140 the total liquid volume (preloading + rinsing + rain). The total elemental deposition fluxes were 141 estimated by adding particulate and dissolved fluxes except for N assumed totally acid-142 soluble. Atmospheric nitrogen exists in particulate phase but also as gaseous species (NOX, 143 HNO3, NH3). In our study, the used bulk collector has a design very close to the one of bulk 144 collectors used during ADIOS project which are not optimized to collect gaseous nitrogen by 145 dry deposition (Markaki et al., 2008) . However, wet deposition including both washed-out 146 particulate and gaseous nitrogen, measured N fluxes in this study will be considered mainly 147 representative of bulk deposition of aerosol particles and wet deposition of gaseous N. 148
Dry vs. wet deposition 149
The speciation between wet and dry deposition is a critical parameter to estimate the 150 potential dissolved fluxes of nutrients. Precipitation (mm) was estimated on the site from the 151 amount of water in the sample. The precipitation occurrences are in agreement with the 152 rainfall records on Calvi airport which is distant by about 15 km. Since they are more 153 representative of local rainfall, precipitation estimated from our samples were used for the 154 attribution of deposition fluxes to wet vs. dry deposition. Wet deposition was considered 155 when rainfall was larger than 1 mm during the sampling period. The threshold value of 1 mm 156 integrates the uncertainties on the weighing of samples in order to ascertain that the rainfall 157 was real. Samples which present no precipitation or rainfall lower than 1 mm, are considered 158 as dry deposition. In consequence, dry deposition is assimilated to wet deposition when 159 happening the same week as a precipitation event. This method underestimates dry 160 deposition, and provides a lower estimates of deposition dry event number vs total deposition 161 event number. 162
Positive Matrix Factorization (PMF) 163
Multivariate statistical methods, such as factor analysis, are widely used to identify source 164 signatures and explore source-receptor relationships using the trace element compositions We applied EPA PMF v5.0 (Norris et al., 2014) to the matrices of tracers, nutrient and TMs 171 total deposition measurements. PMF is a multivariate statistical technique that uses weighted 172 least-squares factor analysis to decouple the matrix of observed values (X) into two matrices 173 representing the factor scores (G) and factor loadings (F), as represented by the equation 174 X = GF + E, where E is the residual matrix representing the difference between observed and 175 predicted values (Paatero and Tapper, 1994; Paatero, 1997) . Prior to applying PMF, we used 176 the weekly deposition fluxes and we replaced fluxes reported as less than median detection 177 limit (MDL) with the median value. The uncertainties for each samples correspond to the sum 178 of uncertainties in sample collection (i.e. 10%) and analytical measurement (standard 179 deviation of three replicate analysis for each sample). We included all valid samples, excluding 180 the samples that we identified as extreme outliers, i.e. samples corresponding to dust events 181 and high As deposition (12 samples) (see section extreme events). The deposition fluxes for 182 21 elements is used; i.e macro and micro-nutrient (N, P, Si, Fe) and TMs (As, Cr, Cu, Mn, Ni, V, 183 Zn) and tracer elements (Al, Ti, Ca, Na, Mg, sea-salt S (ssS), Pb, K, and excess S (Sexc). The 184 estimation of ssS fluxes is obtained from Na fluxes on the basis of typical seawater S/Na ratio 185 The maximum of deposition during spring is explained by the concomitance of rainfall and 244 high dust concentrations, whereas Si and Fe atmospheric aerosols concentrations present 245 their maximum in summer during the dry season. On the contrary, for the elements mainly 246 associated to dry deposition i.e. Zn, P and Cr, Bergametti et al. (1989 and 1992) found that the 247 highest deposition is typically associated with the period of their highest aerosols 248 concentrations in summer. This is not the case for Cr in our results, which follows the Si and 249 
265
Inter-annual variability 266
The average annual total deposition fluxes for the major nutrients and trace metals during the 267 3.5 years of sampling are presented in table 1. Among major nutrients, the most abundant 268 nutrients in bulk deposition is Si followed by P and N which have fluxes in the same order of 269 on the mean fluxes are larger than 15%, and reach more than 50% for P, As and Cu, meaning 274 a large inter-annual variability of their deposition, in agreement with the high recorded 275 sporadic weekly fluxes for these elements. Our results are compared with other fluxes in 276
Corsica (Table 1) in N deposition is also observed between the 1990's and now in Europe (Waldner et al., 2014) . 282
The only element with highest deposition fluxes in comparison to the literature is P, suggesting 283 an increase in atmospheric fluxes for this element. Keeping in mind that dry deposition events 284 can be underestimated by our method, the wet fluxes predominate the total deposition fluxes 285 (≥ 64%) for the majority of elements except for P and Zn, for which less than half of the total 286 flux is associated to precipitation. This is in agreement with the seasonality of deposition of 287 these elements which is high in summer when the contribution of dry deposition is the 288 highest. 289 290 Bergametti et al. (1987 and 1992) and Remoudaki et al. (1991) 294 b : total bulk deposition from Ridame et al. (1999) 295 c : total bulk deposition from Guieu et al. (2010) and Markaki et al. (2010) 
The case of high deposition events 328
Over our sampling period, the average weekly dust deposition is 0.028 ± 0.07g m -2 w -1 . In order 329
to identify the outlier dust events in the data set, we selected the samples with weekly fluxes 330 higher than the last 95 th percentile of data, i. show a large enrichment in As (x16) in comparison to the average of other intense dust events 346 (7.10 -4 ), which are in agreement with the crustal ratio (Mason and Moore, 1982) . The 347 identified sources of atmospheric particulate As are coal-fired industries, waste-incineration, 348 oil refining, mining and fossil fuel combustion (Wai et al., 2016) . In the given sample, an 349 enrichment in comparison to the other intense dust events is also observed for P (x12), Sr (x9), 350
Cu and Zn (x6) whereas no significant enrichment is observed during the second sampling 351 week of the dust event. Besides dust and marine aerosol, the biomass burning and fossil fuel 352 For N and P, the contribution of the outlier dust events is lower and reaches 10 and 15% 375 respectively, and even 11% for P if the As-dust mixed event is excluded. That means that other 376 sources than soil dust dominate the fallouts of these species. For trace metals, the high dust 377 deposition events represent around 1/3 of total fluxes for Cr, Mn, Ni and V, whereas the 378 contribution is low for As (10% without the intense event), Cu (16% and even 12% excluding 379
As-dust mixed event) and Zn (9% and even 6% excluding As-dust mixed event). Keeping in 380 mind that no high dust deposition event >1 g m -2 has been recorded during our 2008-2011 381 period of sampling, our data confirm that African dust wet deposition constitutes the major 382 atmospheric source for Fe and Si to the northwestern Mediterranean and an important source 383 for Cr, Mn, Ni and V (1/3 of their total fluxes). 384
385
Source apportionment and background deposition 386
In order to perform a source apportionment by the PMF method, we excluded the 12 samples 387 corresponding to the high African dust deposition events in order to address background 388 atmospheric deposition. We evaluated PMF solutions with two to six factors. Concerning major nutrients, P deposition is highly associated to biomass burning inputs out 449 of the most intense dust deposition events. Considering that the dust deposition accounts for 450 15% of the total P deposition flux (incl. intense dust deposition events + background 451 deposition), almost 85% of P inputs are associated to the deposition of biomass 452 burning/waste/wood-related aerosol. This confirms the importance to consider the biomass 453 combustion source to estimate the role of this element on marine environment in 454 which is associated to the inorganic secondary aerosol, i.e. ammonium sulfate and ammonium 464 nitrate. It is known that the deposition efficiency of particles in the coarse mode, as sea salts, 465 is higher than the one of fine particles, as inorganic secondary aerosols. Our results suggests 466 that the addition of nitrate on sea salt particles could be a key process to estimate the N 467 atmospheric deposition fluxes to Mediterranean surface waters. Recent works suggest that a 468 large part of nitrogen associated to anthropogenic secondary aerosol could be soluble organic 469 nitrogen (Violaki et al., 2015) . Thus, the observed difference in sources of deposited N could 470 also mean a difference in N speciation in the fallout (inorganic nitrate vs organic nitrate). forms (Herut and Krom, 1996) , which could be one possible reason of the high N:P ratio in 495
Mediterranean deep sea waters (Markaki et al., 2010; Krom et al., 2010) . 496
In our data set, the yearly deposition mass fluxes measured for N and P are quasi equivalent 497 (0.14-0.15 g m -2 yr -1 ; Table 1 ). However, weekly measurements show a very large variability in 498 P fluxes, contrary to N. Hence, a large variability in the N:P molar ratio is observed in the 499 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-113 Manuscript under review for journal Atmos. Chem. Phys. Redfield ratio is in agreement with previous observations showing a preponderance of N 502 relative to P in the atmospheric deposition over the Mediterranean Sea (Markaki et al., 2010) . 503
However, a detailed analysis shows that the atmospheric ratio is equal or higher than Redfield 504 ratio only for 25% of samples, and higher than 160 only for 3 samples (4%). This value reaches 505 36% for the wet periods. The higher ratio observed in wet deposition could be linked to a 506 wash-out effect of the gaseous N species (as NOx, NH3..) by rain (Ochoa-Hueso et al., 2011). 507
The intense dust events present an average ratio of 3.5, which is lower than previously 508 reported for dust deposition (between 30 and 70; Morales-Baquero et al., 2013). However, 509 this value is consistent with the typical N:P ratio in Saharan dust aerosols which is around to 510 2.5. The highest N:P ratio are generally due to the reactivity of dust aerosol with gaseous nitric 511 acid to form nitrate on dust particles . Our data suggest that the effect 512 of mixing between dust and nitric acid do not commonly affect atmospheric dust deposited in 513
Corsica. On the contrary, the mixing between sea salt and nitric acid identified with the source 514 apportionment could be a source of N during the fall and winter period, when the biomass 515 burning source is negligible. It appears also that the lowest N:P ratio are mainly observed from 516
May to September (Figure 7) . During this period, the atmospheric deposition becomes the 517 main sources of nutrients since the Mediterranean is highly stratified and the surface is 518 depleted in nutrients. Thus, in these conditions, the atmospheric inputs will be deficient in N 519 relative to phytoplankton requirements. Studies show that phytoplankton growth in western 520
Mediterranean waters is usually limited by a lack of phosphate, rather than nitrate in summer 521 of atmospheric aerosol input will be rather favorable in case of P-starvation of surface 524 seawater. However, even if the N:P ratio from this study were obtained with comparable 525 deposition collectors than previous literature (e.g. Markaki et al., 2010) , it has to be kept in 526 mind the deposition collectors were not optimized for gaseous N fluxes measurements, and 527 the N:P ratio could be underestimated. The temporal evolution of marine N and P 528 concentrations since 1985 has shown a high sensitivity to anthropogenic atmospheric 529 deposition and they are expected to decline in the coming decades due to mitigation/control 
538
Redfield ratio is displayed.
539
Conclusion
540
In a context of anthropogenic changes, in order to assess how the evolution of chemical 541 atmospheric forcing will modify the marine nutrient cycling, it is crucial to distinguish between 542 anthropogenic vs natural atmospheric inputs of nutrients to the oligotrophic Mediterranean 543 surface waters. We monitored elemental atmospheric deposition on a weekly basis over 3. Atmospheric fluxes of Cu, Mn, Ni and V are also associated at least at 50% to mineral dust 557 deposition, whereas half of atmospheric fluxes is issued either from biomass burning particles 558 deposition (Cu and Mn), either from fossil fuel combustion (V), either both (Ni). The 559 anthropogenic/combustion sources govern the atmospheric fluxes of major nutrient N and P, 560 with a predominance of biomass combustion source for P and secondary aerosols for N. Dust 561 deposition is contributing around 15% of deposited P at the yearly time scale. Our result show 562 that these combustion sources need to be considered in P deposition modelling. Finally, Zn or 563
Cr deposition is very largely associated to continuous combustion sources. 564
This work is a first tentative assessment of the origin of nutrients and trace metals deposited 565 in the western Mediterranean. Of course, our study is not sufficient to apprehend the spatial 566 variability of the influence of the identified source types over the basin. It needs to be 567 supported by other studies of source apportionment on deposition samples in the region. 568 569
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